Within the context of ultralight BEC dark matter, we analyze the head-on encounters of two structures. These structures are made of a BEC component, which is a ground state equilibrium solution of the Gross-Pitaevskii-Poisson system, together with a component of luminous matter. The evolution of the Condensate dark matter is carried out by solving the time dependent GPP equations, whereas the luminous matter is modeled with particles interacting gravitationally on top of the BEC dark matter halos. We track the evolution of frontal encounters for various values of the collision velocity and analyze the regime of high velocity regime showing solitonic behavior of the BEC halos and that of slow velocities producing a single final structure. We measure the relative velocity of the dark matter with respect to the luminous matter after the encounters in the solitonic case and track the evolution of luminous matter in the case of merger.
I. INTRODUCTION
The Bose Einstein Condensate (BEC) or wave dark matter model has shown an important development, specially after the structure formation simulations showing some of the properties of the dark matter structures under this model [1, 2] , and the potential it has shown in the solution of the cusp-core problem [3] [4] [5] [6] to mention a few interesting properties. This model basically assumes dark matter is a Bose-Einstein condensate made of spinless ultralight bosons whose general properties and brief history can be found in [7] .
At local scales, the system is ruled by the Schrödinger-Poisson (SP) system of equations, which turns into the Gross-Pitaevskii-Poisson (GPP) system of equations as soon as the wave function is interpreted as the descriptor of the mean-field approach of a Bose condensate [8] , submitted to a gravitational trap sourced by its own gravitational field. In this way, it is said that the evolution of this type of dark matter is ruled by the GPP system. Many aspects of the BEC dark matter, including the evolution of fluctuations have been deeply analyzed in stationary scenarios (see e.g. [9, 10] ).
In terms of the simulations in [2] , the resulting high density configurations, made of standing waves are soliton solutions of the GPP system. Prior to the results in [2] , the solitonic solutions of the GPP system were found to show solitonic behavior [11, 12] , that is, in a head-on collision, two configurations trespass each other and recover their initial shape and momentum after the encounter [13] . This is a rather non-trivial result, considering the gravitational potential is coupled to the GP equation in a non-trivial manner. In [11, 12] the conditions in terms of the total energy of the system were found to have solitonic behavior and form interference patterns during a collision, whereas dust-like dark matter under similar conditions did not behave in the same way [14] . Moreover, the interference patterns eventually should imprint observable behavior to luminous matter.
If BEC dark matter is to show a particular behavior, some fingerprints on luminous matter are to be predicted. The effects of BEC dark matter local structures on luminous matter has been explored mainly related to galactic rotation curves (see e.g. [15] ), however the model has been tested barely on dynamical situations. Recently some interesting consequences of relative behavior between ultralight axion-dark matter and baryons show a possible impact on the formation rate of early stars and the heating of interstellar medium, based on a cosmological approach [16] . On the other hand, at local scales, in [17] an approximate analysis of the behavior of luminous matter with respect to BEC dark matter in collision of halos was developed, focusing specifically on the relative displacement between luminous and dark matter in the interaction of structures after an encounter and applied the results to the Abell 3827 cluster observed off-sets.
The luminous matter so far has not been coupled to BEC dark matter in previous analyses. It has been considered to be a polytrope, for instance in [18] , and using a Miyamoto-Nagai disk model is evolved on top of a time independent BEC dark matter halo and a somehow unjustified hydrodynamical pressure is assumed; in this paper instead, we evolve the gravitational potential due to the BEC dark matter. In other cases, luminous matter is considered test particles traveling on the gravitational potential due to the BEC dark matter or it is modeled as a fluid ruled by the hydro version of quantum mechanics [17] ; in this paper we go further and model luminous matter as an N-body system with gravitational interaction among the particles.
In this paper we perform a detailed analysis of the evolution during a head-on encounter of two structures made of BEC dark matter and luminous matter. The BEC dark matter is ruled by the typical GPP system of equations whereas the luminous matter is modeled with a system of N-particles interacting gravitationally and subject to the gravitational potential sourced by the BEC dark matter. In this paper we do not consider the back reaction of the luminous matter onto the gravitational potential, and thus we restrict to cases where the luminous matter contributes only with 5% of the total mass of the structure. We explore the regime of solitonic behavior and actual merge, and show the implications of the encounter on the luminous matter behavior in each case.
The paper is organized as follows. In section II we describe the GPP set of equations, the model we use for the luminous matter and show tests that have to be fulfilled by a code dealing with the GPP system plus Nparticles. In section III we show the various scenarios of head-on encounters and describe some astrophysical scenarios. Finally, in IV we present some conclusions.
II. SYSTEMS OF EQUATIONS AND NUMERICAL METHODS
A. The GPP system
The basic assumption here is that the BEC dark matter obeys the GPP system of equations. This is the constrained evolution system given by the GP equation, namely the Schrödinger equation for the wave function describing the gas in the mean field approximation, with a potential trap due to the gravitational field generated by the density of probability of the condensate. Such potential is in turn sourced by the density of the wave function itself through Poisson equation. Explicitly the equations are
where in generalΨ =Ψ(t,x), m is the mass of the boson, V is the gravitational potential acting as the condensate trap,ã is the scattering length of the bosons. This is a coupled system consisting of an evolution equation for Ψ with a potential that is solution of Poisson equation sourced by |Ψ| 2 . We solve system (1) numerically in cartesian coordinates. The first step before integrating (1) requires the remotion of constants using the following change of variablesΨ = √ 4πG
, so that the numerical coefficients , 2 /m, 2π 2 /m 2 , 4πGm do not appear in (1) . When the boson mass m is fixed, the hatted quantities get fixed and the variables in physical units can be recovered.
On the other hand, system (1) is invariant under the transformation Ψ =Ψ/λ
, for an arbitrary λ [19] . This invariance allows one to reduce the original system (1) to the following set of equations in code units
We consider the GPP system (2-3) to be an initial value problem and restrict in this paper to the case a = 0 considering the recent structure formation simulations restrict to this case [2] . We use Schrödinger equation as the equation driving the evolution, whereas Poisson equation is a constraint that has to be satisfied during the evolution. The solution method is described in [14, 20] and basically consists in approximating both equations using finite differences. We solve (2) using the method of lines with a third order Runge-Kutta integrator, and solve (3) using a SOR algorithm. In this paper we restrict to the case of head-on collisions and therefore Poisson equation can be solved assuming the system is axially symmetric as done for rotating BEC halos on a 3D grid [20] . BEC halo model. We model each halo as a ground state equilibrium configuration of the GPP system in spherical symmetry. This configuration is known to be stable under radial and non-radial perturbations [21] and also behaves as a late-time attractor of configurations starting with density profiles out of equilibrium, both, with spherical symmetry [22] and without spherical symmetry [21] . The description of how to construct these ground state equilibrium configurations can be found in [19, 20, [22] [23] [24] .
B. The luminous matter
We model the luminous matter with a configuration of N particles that interact gravitationally with each other and with the BEC dark matter. At this stage we do not consider all the ingredients used to model a state of the art luminous component, that may involve the interaction with radiation and gas, however including the gravitational interaction is already a step beyond the most recent analysis in the context of BEC dark matter [17] .
The analysis of the behavior of luminous matter in a collision may incorporate different morphological classes, for instance disks or elliptic profiles. In our analysis, since the halos are assumed to be spherically symmetric and want to track the evolution of luminous particles without a particular morphology, we assume the luminous matter has an initially spherically symmetric distribution. For this we consider they satisfy a Plummer density profile and have velocities ensuring that the initial configuration remains nearly stationary. The implementation of the initial data is obtained following the methods explained in [25] . Later on, we describe the numerical evolution of the luminous matter using an N −body code with a SPH implementation to compute the density ρ. Let us begin with the description of the initial data.
Initial Data
We start with N particles of mass M L /N , where M L is the mass of the luminous matter of the structure. These particles are distributed in such a way that they satisfy the Plummer density profile given by the expression
obtained from the potential
corresponding to a central field. To do that, we start with the cumulative mass distribution
and using Eq. (4) we integrate Eq. (6) m(r) = r 3 (r 2 + 1)
then inverting Eq. (7) for r we obtain
The procedure to distribute the particles is the following: for every particle we need to find the coordinates r, θ and φ of the particle's position. We choose a random number m such that 0 ≤ m ≤ M L and identify it with the cumulative mass contained within the radius r for that particle. Using Eq (8) we determine the coordinate r for the position of the particle. To determine the angles θ and φ we choose two random numbers. The first one between −1 and 1 corresponding to the value of arccos(θ) and the second one between 0 and 2π corresponding to the value of φ. Now, we need to choose the magnitude and direction for the velocity of the particle with respect to the center of the distribution. First, the maximum velocity allowed for a particle at a given r is the escape velocity v e . This velocity can be obtained equating the potential and kinetic energies and solving for v e to obtain v e (r) = √ 2GM L (r 2 + r 2 a ) −1/4 . Next, the probability g(v) to have a velocity v = || v|| at a radial position r = || r|| is given by
In terms of the escape velocity and defining q = v/v e , the distribution function for v becomes:
Instead of inverting Eq. (10) to estimate v, we use a rejection technique. That is, choose a random number x between 0 and 1 and a random number y between 0 and g max = 0.1. If y < g(x) we accept the pair (x, y) and compute the velocity as v = √ 2GM (x 2 + r 2 a ) −1/4 , otherwise, repeat the process choosing another pair (x, y).
In this way the particles have randomized peculiar velocities around the center and the configuration is nearly stationary.
Evolution method
We use a N-body code to compute the positions and velocities of the luminous matter during the evolution. In every step of time, Newton's equations are integrated for every particle using the acceleration produced by all the other particles and by the gravitational potential due to the BEC halos.
The density of the particles is computed using a basic SPH technique, specifically a cubique spline kernel W . A sum over all the particles is used to compute the density of Luminous matter
where m j = M L /N is the mass of the j−th particle and h i is the smoothing length of the i−th particle.
C. Tests
A ground state equilibrium configuration of the GPP system is stable [22] and can be evolved basically during arbitrary long time with a 3D code as shown in [20] . On the other hand, the ball of luminous matter has been constructed in such a way that it is approximately virialized and remains nearly unchanged in time within the BEC potential well. Nevertheless it is necessary to show that these two components can actually coexist together during long enough time. By enough time we mean the time it will take two structures to collide for the various numerical experiments below. During the evolution of a single structure, it is expected that the density profiles of both, the BEC and the luminous matter remain nearly unchanged and the tests are the following.
Single configuration. We first show that a single configuration can last during more than t ∼ 40 in code units, which is of the order of the time window used during our simulations.
We construct a halo+matter structure such that M L is 5% that of the BEC halo mass, whereas the core radius of the luminous matter configuration is chosen to be r a = 0.25R 95 , where R 95 is the radius containing 95% of the total mass of the BEC halo. In Fig. 1 we show snapshots of the density function ρ L representing the luminous matter and isocurves of the density of the BEC ρ BEC = |Ψ| 2 . In the last panel we show the position of the maximum of ρ L , which varies within a box of size 0.01r a . Notice that the velocities of the luminous particles is set using random numbers, thus we have checked this test for many runs, i.e. for many different initial conditions of the luminous matter.
Boosted configuration. A second test is the coexistence of the two types of matter when they are boosted. Considering Ψ to be the wave function of an equilibrium ground state configuration centered at the coordinate origin, we boost it along the z axis with a velocity v z by redefining Ψ = e ivz Ψ, provided the associated momentum p z is normalized with the mass of the BEC configuration.
The luminous matter is also boosted with the same velocity, that is, we add v z to the peculiar velocity found during the construction of the Plummer ball.
The density profile of both components has to remain nearly time independent during a sufficiently long time.
In Fig. 2 we show snapshots of the structure with both components, BEC and luminous matter, traveling with a boost of v z = 1.5. The density profile of the two components remains nearly time independent and the maxima of the two densities follow nearly the same trajectory, as expected because both, the luminous and dark matter have the same boost velocity. At the same time we show Re(Ψ), which is evolving in time. In the bottom of Fig.  2 we show the location of the maximum of ρ BEC and ρ L , which should have the same trajectory in theory. In practice though, there is a drift that we measure and is of the order of 2% for v z = 1.5, the case of highest boost in this paper. We have verified that this drift is smaller or equal for a range of the number of particles between z(max(
We show four snapshots of ρBEC, ρL and Re(Ψ) at various times for a boosted configuration. The density profiles of each component remain nearly time independent as expected. The initial momentum added to the configuration is vz = 1.5, which is the highest we use in the paper. In the bottom panel we show the location of the maximum of both components and the difference between them along the z axis, which is the direction of the boost. in code units in this test and our production runs. This test is extremely important because it shows that, when a structure travels alone, it evolves correctly in the absence of other structures. This means that a behavior different from the one seen in Fig. 2 for each of the two configurations prior to a collision, will be due to the interaction between the two structures and not to the initial boost.
III. HEAD-ON ENCOUNTERS OF TWO EQUAL STRUCTURES A. Simulations of encounters
For the collision we set two structures of BEC and luminous matter boosted along the head-on collision direction. For this we interpolate the wave function for the BEC and the ρ L of the equilibrium configuration constructed in II C at two different places on the evolution grid (0, 0, ±z 0 ) along the z−axis.
For the initial BEC configuration we define a global wave function describing the state as Ψ = Ψ 1 +Ψ 2 , where Ψ 1 and Ψ 2 represent the two configurations placed in the domain at (0, 0, −z 0 ) and (0, 0, +z 0 ) respectively. We choose z 0 such that the two configurations are far enough one from the other so that the interference Ψ 1 , Ψ 2 is near to round off error values as done in [12] . In this way, we have initial data for two superposed ground state equilibrium configurations in our domain. After this, we apply momentum along the head-on direction, namely the z axis. For this we simply proceed as in the boosted configuration above and define a new wave function Ψ = e ivz Ψ 1 + e −ivz Ψ 2 . Once this phase correction is applied to the wave function of the BEC we solve Poisson equation to complete the preparation of the initial state. As done for the boosted configurations above, we also add linear momentum v z to all the luminous particles along the head-on collision direction at initial time.
Then we start up the evolution. As illustration we show in Fig. 3 various snapshots of the density profile of luminous matter, dark matter and Re(Ψ) for the case v z = 1. The different snapshots show how before the collision the blobs proceed as in the boosted case. When the system is near to collide the BEC forms an interference pattern by t = 8. During the collision of luminous matter, the interference pattern persists by t = 9.6. Later on, after the collision, the BEC shows a solitonic behavior and the luminous matter moves behind the two blobs of BEC as can be seen in the snapshots at t = 11.2 and t = 13.6. By t = 17.6 it can be seen that the luminous 3 . This particular case with v z = 1 shows a genuine solitonic behavior of the BEC. Recalling the results in [12] , the sign of the total energy of the BEC E = K +W +I, kinetic, plus gravitational plus self-interaction, determines whether or not there will be solitonic behavior. In this paper a = 0 and therefore I = 0. For E < 0 the two structures of BEC get glued together and form a single potential well, whereas for E > 0 the two BEC component trespass each other and continue toward infinity showing a nearly solitonic behavior [13] . The threshold is found for approximately v z = 0.755, which means that in some cases E > 0 (v z > 0.755) and E < 0 (v z < 0.755) in others [12] .
As pointed out in [14] , it is interesting to measure the effects of the interference pattern shown by the BEC on the luminous matter. The main effect is that of the relative velocities of the luminous and BEC dark matter after the collision with solitonic behavior. The method we choose to evaluate the location of the luminous and dark components is the same described for the boosted configuration. We track the location of the maximum of the density profiles and determine how the BEC dark matter moves with respect to the luminous matter during Fig. 3 at t = 11.2 and t = 11.6. However, when d A < 0 the luminous matter catches up with the BEC maximum and takes it over from then on as illustrated in Fig. 3 at t ∼ 17.6.
The interesting branch of d A to analyze is the one after the two BEC potential wells have passed through each other. In Fig. 4 can be seen that after the collision d A Fig. 5 . Notice that the off-set between luminous and dark matter is slower (small p) when v z is higher. In order to illustrate the behavior of luminous and dark matter in a case with E < 0, we show in Fig. 6 the evolution for the case v z = 0.5. Initially the luminous matter approaches the collision following the BEC, however after t ∼ 16, ρ BEC forms a single high density configuration that evolves later on. Finally, a great part of the luminous matter escapes from the potential well and leaves a trace of disrupted matter near the potential well, indicated by the dots of ρ L dispersed over the domain. 1087.6(0.755)km/s = 821.14km/s, which actually would imply a relative minimum velocity of 1642km/s, a rather unexpectedly high velocity in dwarf galaxy collisions. Slow velocity collision with a single final halo. To follow with the parameters of the previous example, assume again that the boson mass is m = 10 −23 eV /c 2 and that each structure has dark matter massM BEC = 10 11 M ⊙ andṽ z ≃ 1087.6v z [km/s]. Considering the case v z = 0.2, the initial head-on velocity of each structure isṽ z ≃ 217.52[km/s]. This is a very similar case to one presented in [17] with the only difference that in that case the velocity is set toṽ z = 200km/s.
The evolution of this case is shown in Fig. 7 . To our surprise, the luminous matter concentrations remain for a little while after the collision and then they get dispersed away after the collision. The reason for the dispersion of luminous particles may be the incredible dynamics of the BEC. This is illustrated by the central value of ρ BEC and V in Fig. 8 . Prior to t = 20 the encounter has not happened, and there the density at the center of mass is nearly zero, however by t ∼ 25 the collision takes place. The oscillations of the central values start happening after the two blobs have merged and are glued together, and the single final configuration evolves by itself toward a relaxed state. The only studied relaxation mechanism for this system is the Gravitational Cooling [22, 24] , which consists in the emission of |Ψ| 2 toward infinity, and in this case appears to be so violent that the luminous matter is shaken and expelled from the potential well.
IV. FINAL COMMENTS AND CONCLUSIONS
We presented a study of head-on encounters of two equal mass BEC dark matter structures involving luminous matter under various dynamical conditions. We analyzed the motion of luminous matter motion after the collision in two regimes. First in the case in which there is solitonic behavior, we found that after the encounter, the structures retain their basic structure of dark and luminous matter, like if they were nearly solitons, and an off-set in their relative motion is found as in [17] . The BEC first moves faster than the Luminous matter, and eventually the luminous matter takes over the dark matter potential wells.
Second, in the case of slow velocity encounters resulting in a single BEC configuration, we found that the luminous matter disperses away after the collision. This would be a fingerprint of BEC dark matter that deserves a more detailed analysis in specific observational cases. The explanation we find is the extremely restless behavior of the gravitational potential of the BEC component. Simulations of encounters of galaxies assuming CDM halos, show the luminous matter is not dispersed away (see e.g. [26] ). The main difference with particle-like dark matter and BEC dark matter is essential, point-like particles interact and relax through gravitational interaction without any particular unexpected density pattern, whereas BEC dark matter shows interference patterns [2] and uses the gravitational cooling as the only relaxation channel, which is a rather unquantified process whose effects have never been studied on particles around.
Our results were based on simulations carried out with a code adequately tested which is ready to tackle more realistic scenarios, including less aggressive encounters involving an impact parameter that should bring interesting results on the type of behavior of luminous matter in an encounter. Also, equal mass head-on encounters seem rather unfrequent and our scenario will be generalized. Another key issue that calls the attention is that the resulting structure after a collision is highly dynamical, and an estimate of time scale for relaxation would impact on the viability of the BEC dark matter model.
Before presenting a definitive answer it is important to enrich this model in various directions, namely, by adding the back reaction of luminous matter onto the gravitational potential of the BEC that should allow the study of encounters with more luminous matter and the influence of a non-zero self-interaction a in encounters.
